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a b s t r a c t
The potassium channel KcsA was heterologously expressed in a eukaryotic cell-free system. Both, the
expression yields and functional analysis of the protein were reported. Qualitative and quantitative
analyses of KcsA expression were performed by using 14C-labeled leucine as one of the amino acids
supplemented in the cell-free reaction mixture. There was a time dependent increase in the protein yield
as well as the intensity of the native tetramer band in insect cell derived microsomes. Electrophysiology
measurements demonstrated the functional activity of the microsomes harboring KcsA showing single-
channel currents with the typical biophysical characteristics of the ion channel. The channel behavior
was asymmetric and showed positive rectiﬁcation with larger currents towards positive voltages. KcsA
channel currents were effectively blocked by potassium selective barium (Ba2þ). This functional
demonstration of an ion channel in eukaryotic cell-free system has a large potential for future
applications including drug screening, diagnostic applications and functional assessment of complex
membrane proteins like GPCRs by coupling them to ion channels in cell-free systems. Furthermore,
membrane proteins can be expressed directly from linear DNA templates within 90 min, eliminating the
need for additional cloning steps, which makes this cell-free system fast and efﬁcient.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Membrane proteins constitute more than 30% of all human
encoded proteins. They are key pharmaceutical targets due to their
involvement in vital cellular processes such as transport, signal
transduction, cell–cell recognition and adhesion to the cytoskeleton.
Expression of membrane proteins in vivo is challenging due to low
yields, solubilization and puriﬁcation problems, and overexpression
often leads to toxicity. An alternative for in vivo methods is the cell-
free synthesis of proteins. This method is simple with a high degree of
controllability and provides a completely open system allowing direct
manipulation of the reaction conditions to optimize protein folding,
disulﬁde bond formation, incorporation of noncanonical amino acids
and the expression of toxic proteins (Stech et al., 2013; Zampatis et al.,
2012; Shaklee et al., 2010; Brödel et al., 2013; Schwarz et al., 2008).
In comparison to conventional cell-based expression systems, cell-free
systems offer rapid protein expression, puriﬁcation and functional
analysis. Until now, the most widely used cell-free system for the
synthesis of membrane proteins is based on E. coli extracts (Schwarz
et al., 2008). Despite its efﬁciency in producing high yield of proteins,
which can be used for further downstream applications, there are
several drawbacks. E. coli based cell-free systems require membrane
mimicking supplements in the form of micelles, nanodiscs, lipid cubic
phases or liposomes for the solubilization of membrane proteins
(Serebryany et al., 2012). These supplements do not contain the
translocon machinery which is often crucial for proper folding of
membrane proteins. Recently, insect based cell-free systems have been
used for the expression of membrane proteins (Sachse et al., 2013;
Stech et al., 2013; Kubick et al., 2009). One of the biggest advantages of
these insect cell-free systems is that the expressed proteins undergo
post-translational modiﬁcations eg., glycosylation, phosphorylation,
signal peptide cleavage and lipid modiﬁcations which are often crucial
for their folding and functional activities (Brödel et al., 2013; Sachse
et al., 2013; Stech et al., 2013; Kubick et al., 2009). In addition, the
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insect cell-free lysate contains native microsomes which automatically
lodge the expressed membrane protein into a lipid bilayer in its
functional form. Although several membrane proteins were expressed
using insect based cell-free systems, very few reports were shown
demonstrating the functionality of the expressed proteins.
Ion channels represent a class of membrane proteins, which plays
a signiﬁcant role in many physiological processes, and is one of the
major targets for drug discovery. The most commonly used method to
analyze ion channel activity is measuring the currents caused by the
ion ﬂow. In this context, the bacterial potassium channel KcsA was
chosen for our studies. KcsA is a tetrameric protein derived from
Streptomyces lividans (Gao et al., 2005; Rotem et al., 2010; Banerjee
and Nimigean, 2011). This is a model ion channel protein which has
close structural and functional resemblances to many eukaryotic
potassium channels and is widely investigated to understand the
mechanism of potassium transport across themembrane (MacKinnon,
2004; Zhou et al., 2001; Valiyaveetil et al., 2004). The electrophysio-
logical approach is widely used for assessing the single-channel
behavior of the KcsA channel. This protein is activated by high
concentration of intracellular protons and is controlled by the
cytoplasmic domain of the channel (Heginbotham et al., 1999,
Chakrapani et al., 2007; Thompson et al., 2008; Hirano et al., 2011).
Despite the lack of voltage dependent machinery in the structure of
KcsA, the channel currents were regulated by the applied transmem-
brane voltage (Cordero-Morales et al., 2006a,b). KcsA is highly
selective for potassium and the selectivity is controlled by the free
energy difference between potassium and other cations (Thompson et
al., 2009; Dixit and Asthagiri, 2011) and also due to the structural
arrangements favoring Kþ ions over other cations (Ngo et al., 2014).
Most of the electrophysiological measurements of KcsA were done
either by reconstituting the puriﬁed protein from cells into liposomes
(proteoliposomes) and transferring them to a planar bilayer by fusion
(Heginbotham et al., 1999; Raja and Vales, 2009; Thompson et al.,
2009; Chakrapani et al., 2011; Hoomann et al., 2013; Iwamoto and
Oiki, 2013) or direct transfer of the protein from cells or cell fragments
to planar bilayer (Holden et al., 2006; Leptihn et al., 2011). KcsA was
expressed heterologously in mammalian cell-lines for understanding
the activation–inactivation mechanism of the ion channel (Gao et al.,
2005). Very recently, a cell-free approach has been used for expressing
KcsA (Rotem et al., 2010; Banerjee and Nimigean, 2011; Friddin et al.,
2013). Since then, working with ion channels has become more
ﬂexible and faster by designing the genes with a variety of mutations
for expressing different structural variants of proteins in order to
understand the mechanism more efﬁciently. Recently, there were
reports on transferring membrane proteins from nanoparticles to lipid
bilayers (Banerjee and Nimigean, 2011). It was shown that the protein
is transferred from nanodiscs to lipid bilayer spontaneously and
showed functional gatings. There is a growing interest in coupling
these ion channels with more complex proteins like cyclic nucleotide
binding proteins and GPCRs and measuring the ligand binding
response (Ohndorf and MacKinnon, 2005; Caro et al., 2012). In this
study, KcsA was expressed heterologously in an insect based eukar-
yotic cell-free system. Additionally, the cell-free synthesized channel
was ﬂuorescently labeled by statistical cotranslational incorporation of
a ﬂuorescent amino acid derivative as an alternative strategy to
monitor protein expression in-gel. Functionality of the protein was
demonstrated by electrophysiological analysis after fusing microsomes
harboring KcsA onto a planar lipid bilayer.
2. Materials and methods
2.1. Template generation
Cloning was done by insertion of the KcsA linear expression
template into the pIX 3.0 vector. Linear expression templates for
KcsA were generated by a two-step Expression-PCR (E-PCR). In the
ﬁrst step, a gene speciﬁc forward primer 50-AGAAGGAGATAAA-
CAATGGCACCC ATGCTGTCCGGTCT-30 and a reverse primer 50-
CTTGGTTAGTTAGTTATTACTAAG ATCCACGCGGAACCAGGT-T 30were
used to amplify the KcsA genes coding sequence. Once the PCR
products were analyzed by 1% agarose gel electrophoresis, they
were subjected to second step PCR. In the second step, adapter
primers coding for the regulatory elements T7 promoter, T7
terminator necessary for the cell-free translation were added to
the ﬁrst step PCR products by overlap extension PCR (Easy express
linear template kit Plus, Qiagen). Once the second step PCR
products were analyzed, they were subjected to the restriction
treatment by NdeI & SmaI. Restriction treated PCR products were
later ligated into the NdeI and SmaI sites of the linearized pIX3.0
vector. After successful ligation, plasmids were control sequenced
and subsequently used for cell-free expression.
2.2. SDS–PAGE and autoradiography
Qualitative information of the protein was obtained by running
SDS–PAGE electrophoresis of the translation mixture after pre-
cipitation with cold acetone as described (Sachse et al., 2013; Stech
et al., 2013). In brief, 5 ml of the translation mixture was added to
an eppendorf tube. To this 45 ml of Millipore water was added
followed by the addition of 150 ml of cold acetone. After placing
the eppendorf tubes on ice for 15 min, samples were centrifuged
for 10 min at 16,000 rpm at 4 1C. Later the supernatant was
removed completely and the pellet was dried. Next, 20 ml of
loading buffer was added to the tubes and mixed by vortexing.
Finally, samples were loaded onto a 10% SDS gel. After
electrophoresis, the gels were stained with coomasie stain and
dried. Next the dried gels were analyzed by autoradiography
(Typhoon Trio).
2.3. Protein quantiﬁcation
Protein quantiﬁcation was done by hot tricholoroacetic acid
(TCA) precipitation as described (Sachse et al., 2013; Stech et al.,
2013). In brief, 5 ml of the translation mixture was added to a 10 ml
test tube. To this, 3 ml of 5% TCA solution containing 2% (w/v)
casein acid hydrolysate was added and the samples were incu-
bated at 80 1C for 15 min. Immediately, reaction test tubes were
placed on ice and left for 30 min to precipitate the synthesized
protein. After this step, the solution was ﬁltered on a glass
microﬁber ﬁlter followed by a washing step with TCA. Next the
ﬁlter papers were dried with acetone. Later the dried ﬁlter papers
were placed in a scintillation vial and ﬁlled with an appropriate
volume of scintillation liquid. After incubation at room tempera-
ture for 1 h, samples were counted in a liquid scintillation counter.
2.4. GUVs
Planar lipid bilayers were obtained from Giant Unilamellar
Vesicles(GUVs) prepared from 1,2-diphytanoyl-sn-glycero-3-phos-
phocholine (DPhPC, Avanti Polar Lipids) by using the electrofor-
mation method in an indium tin oxide (ITO) coated glass chamber
connected to the Vesicle Prep Pro setup (Nanion Technologies)
(Kreir et al., 2008).
2.5. Functional screening of native insect microsomes
Before assessing the activity of KcsA, native microsomes were
screened for the presence of endogenous IP3 receptor activity.
Experiment was performed in the presence of 200 mM KCl, 10 mM
HEPES, 100 nM free calcium, 0.1 mM ATP, pH 7.0 on both sides and
the activation was initiated by adding IP3.
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2.6. Functional assessment of KcsA
Patch clamp experiments were performed with an automated
patch clamp system, the Port-a-Patch (Nanion Technologies), using
borosilicate glass chips with an aperture diameter of approximately
1 μm. Based on the aperture diameter of the chip and a speciﬁc
capacitance of DPhPC of 0.5 μF/cm2 (Sondermann et al., 2006), the
membrane capacitance could be estimated to be in the order of a few
fF. Experiments were performed in internal solution: 200 mM KCl,
10 mMHEPES pH 7.0 and external solution: 200 mM KCl, 10 mMMES
pH 4.0. The collected data was ﬁltered at 10 kHz (Bessel ﬁlter, HEKA
ampliﬁer) digitized at a sampling rate of 50 kHz and analyzed
with Clampﬁt (Axon instruments). The bilayer formation process
was computer controlled by the PatchControl software (Nanion
Technologies).
2.7. Fusion of KcsA harboring microsomes
50 ml of the translation mixture was centrifuged at 16,000g for
10 min at 4 1C and the pellet was resuspended in phosphate
Fig. 1. (A) Structural domains of KcsA showing the presence of two transmembrane domains (TM1 and TM2) and a cytoplasmic domain. (B) KcsA presents a native tetramer
conﬁguration in the presence of a lipid bilayer.
Fig. 2. Activity assay of IP3 receptors in insect microsomes: (A) schematic representation of the experimental set up. Once the bilayer is formed over the aperture,
microsomes were added to the top compartment. Currents were recorded immediately after the addition of microsomes to observe the fusion as well as the channel
currents. (B) Current traces of the IP3 receptor at þ80 mV (200 mM KCl, 10 mM HEPES, 100 nM free Ca2þ , 0.1 mM ATP, pH 7.0). Addition of IP3 on the cytosolic side evoked
openings of the IP3 receptor isolated on insect microsomes. All-point histograms of the current traces plotted as amplitudes (pA) of IP3 receptor currents against count of
current amplitudes at þ80 mV.
S.K. Dondapati et al. / Biosensors and Bioelectronics 59 (2014) 174–183176
buffered saline (PBS). This washing step was repeated one more
time and ﬁnally the microsomes suspended in PBS were used for
electrophysiological analysis. 1 ml of the microsomes harboring
KcsA was added to the buffer containing the reference electrode
and mixed gently. After the formation of the bilayer, microsomes
were added on the chip. The fusion usually is visible by the change
of capacitance of the bilayer.
2.8. KcsA cell-free protein synthesis
Cell-free protein synthesis and cotranslational incorporation of
BODIPY-TMR-lysine were performed in the linked reaction mode
as described previously (Sachse et al., 2013). Insect lysates used for
cell-free reaction were produced as described previously (Brödel et
al., 2013). In brief, KcsA was expressed in insect cells (Spodoptera
frugiperda, Sf21) lysates using the linked transcription–translation
procedure with a ﬁnal volume of 50 μL. First, mRNAwas generated
by transcription from the plasmid DNA (ﬁnal concentration: 60 μg/
mL) or E-PCR product (ﬁnal concentration: 8 μg/mL) and was
incubated for 2 h at 37 1C (Qiagen EasyXpress Insect Kit II). After
puriﬁcation and quantiﬁcation, mRNAwas added to the translation
mixture as explained previously (Brödel et al., 2013; Sachse et al.,
2013; Stech et al., 2012). The translation mixture was analyzed
after 90 min of incubation at 27 1C.
2.9. Fluorescence microscopy
Fluorescence imaging of the KcsA-eYFP fusion construct was
achieved as previously described (Sachse et al., 2013).
3. Results and discussion
The potassium crystallographically-sited activation channel
(KcsA) is a tetramer composed of four identical subunits of two
transmembrane helices linked by a reentrant loop. Fig. 1 shows the
structure of the KcsA monomer and its conﬁguration in the
presence of a lipid bilayer. The KcsA monomer has 2 transmem-
brane domains, an N-teriminal amphipathic helix and a C-terminal
cytoplasmic domain. This cytoplasmic domain plays a key role for
its functionality. KcsA forms a tetramer in its native form in the
presence of a lipid bilayer (Rotem et al., 2010; Banerjee and
Nimigean, 2011; Krishnan et al., 2005). Cytoplasmic domains of
the KcsA form a bundle and act as a gate for the passage of
potassium ions (Krishnan et al., 2005; Hirano et al., 2011). When
the cytoplasmic bundle is exposed to an acidic pH, the bundle
relaxes allowing the passage of Kþ ions.
3.1. Functional screening of native microsomes
In general, microsomes of subcellular origin contain endogen-
ous channels. One of the commonly reported proteins in ER-
derived microsomes is inositol trisphosphate (IP3) receptor. Native
insect-cell derived microsomes were screened for the presence of
IP3 receptor activity before measuring the ion channel activity.
Fig. 2A illustrates the schematic representation of how the ER
derived microsomes from insect cell-lysates were assayed for
functional screening of ion channels by incubating them with a
preformed planar lipid bilayer over a 2 mm sized aperture (see
methods). Formation of lipid bilayer results in a change in the chip
resistance from 3 MΩ to several GigaΩ. Basically when the lipid
bilayer is formed over the aperture, it creates two electrically
Fig. 3. Activity assay of KcsA in insect microsomes. (top) Experimental set up shows the presence of lipid bilayer over the aperture. Insect microsomes expressing the protein
of interest (KcsA) were added to the top compartment. Currents were recorded immediately after the addition of microsomes both for monitoring the fusion events (marked
by blue circles) as well as ion channel response. (bottom) Current trace recorded from the lipid bilayer after the addition of microsomes expressing KcsA at þ60 mV.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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isolated compartments. One side of the compartment is connected
to a reference electrode and another side of the compartment is
connected to a working electrode. Both of these electrodes were
prepared from silver wire and chlorinated well (Kreir et al., 2008).
After the addition of microsomes to the top compartment and
observing the fusion currents, the lipid bilayer was activated by
injecting IP3 into the solution. Fig. 2B shows the current response
from the lipid bilayer incubated with microsomes after activating
the bilayer with IP3. A moderate endogenous IP3 receptor activity
was noticed from the native microsomes at around þ80 mV.
The currents were represented as short bursts with quick opening
and closing states. Current amplitudes were approximately 2 pA
higher than the baseline currents with a conductance of 30 pS. The
all point histogram shows the low open probability of IP3 receptor
(peak at low amplitude) when compared to the closed state
(Fig. 2B). This clearly demonstrates the presence of endogenous
IP3 receptors with a low activity as expected. In the case of the
negative control, there was no response when there was no
activation with IP3. This endogenous activity could be used as an
internal fusion control demonstrating the viability of the mem-
brane proteins derived from insect microsomes.
3.2. Functional analysis of KcsA activity
Functional activity of KcsA expressed in insect microsomes was
measured by electrophysiology.
Fig. 3 shows the schematic representation of how the activity of
KcsA from the microsomes was measured. The reference electrode
compartment contains 200 mM KCl, 10 mM HEPES pH 4.0 and
the compartment containing the working electrode contains
200 mM KCl, 10 mM HEPES pH 7.0. Microsomes expressing the
KcsA channel were added to the top compartment containing the
lipid bilayer in the presence of buffer 10 mM HEPES, 200 mM KCl
pH 4.0. Immediately after the addition of the microsomes, currents
Fig. 4. Electrophysiological characterization of KcsA showing the single-channel activity. All the electrophysiology measurements were done in symmetrical 200 mM KCl
solutions. The closed state of the channel is marked with a red arrow indicating a baseline. (A) Single-channel KcsA trace obtained at þ60 mV. Zoomed-in view of the 1 s
current trace obtained at þ60 mV (pointed by blue arrow). (B) Single-channel KcsA current trace obtained at 60 mV. Zoomed-in view of the 1 s current trace obtained at
60 mV (pointed by blue arrow). (C) All-point histograms of the current traces (from Fig. 4A and B) plotted as amplitudes (pA) of the KcsA currents against counts of current
amplitudes at þ60 mV (left) and 60 mV (right). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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were measured in a continuous manner at þ60 mV. Once the
microsome touches the bilayer, a peak typical of the fusion of
microsomes to the underlying bilayer was observed (blue circle in
the current trace) with a typical capacitive spike in the current.
Immediately after the fusion, KcsA channel activity could be
measured. The pore formation after the fusion was reproducible
with a varying time gap between the fusion and pore formation
which ranged from milliseconds to seconds. Control measure-
ments were done with microsomes without any KcsA expression
(no template control). In the case of the control, there was a
capacitive fusion peak, but no pore formation and channel activity
was observed. Although, qualitative data obtained by SDS–PAGE
electrophoresis conﬁrms the tetrameric conﬁguration of KcsA
in insect microsomes, it is very crucial to know whether KcsA
retains its typical ion channel gating behavior. Hence, the electro-
physiological approach was used to assess the single-channel
response of KcsA.
In order to characterize the KcsA activity, three different sets of
experiments were conducted. In the ﬁrst set of experiments, KcsA
functionality was modulated by applying a ﬁxed transmembrane
voltage. This experiment was conducted to understand the chan-
nel gating behavior at individual potentials. In the second set of
experiments, KcsA currents were monitored continuously by
switching transmembrane voltage polarities. This experiment
was conducted to understand the voltage dependent rectiﬁcation
behavior of the potassium channel. In the third set of experiments,
channel gating was monitored continuously at a ﬁxed voltage
and potassium selective blocker barium (Ba2þ) was added to the
solution. This experiment was conducted to understand the
blocking dependent KcsA gating behavior.
Fig. 4 shows the single-channel currents produced by the KcsA
gating at different voltages. At a transmembrane voltage of
þ60 mV, there was a typical KcsA like activity characterized by
current bursts with a varying mean open time of few ms (activa-
tion) followed by the closure of the channel (inactivation) (Fig. 4A).
This activation and inactivation behavior of KcsA is quite char-
acteristic and is widely reported (Cordero-Morales et al., 2006a).
When a transmembrane voltage of 60 mV was applied to the
bilayer, channel activity with a burst like behavior was evident
with currents of low amplitudes (Fig. 4B). When the single-
channel currents obtained at þ60 mV and 60 mV were plotted
against counts of current amplitudes, one could observe a high
open probability in the case of þ60 mV with current amplitudes
close to 3 pA with a mean open time and closed time of 13 ms and
53 ms. The open probability (Po) is around 0.27. Whereas in the
case of 60 mV, the open probability was comparatively low with
current amplitudes in the range of 1.5 pA. The unitary conductance
values were around 37 pS at þ60 mV and 20 pS at 60 mV.
In another set of experiments, single-channel activity from
KcsA was measured from the same bilayer by applying potentials
with alternate polarity. Two voltages 60 mV and þ60 mV were
applied continuously to the lipid bilayer for 4 s each. Fig. 5 shows
the current trace obtained from the measurement.
Current response at 60 mV was shown in light gray back-
ground and the current response at þ60 mV was shown in dark
gray background. At 60 mV, there was a comparatively small
response with a pore opening and closing. When the polarity was
switched to þ60 mV, there was a lot of continuous channel like
activity characterized by fast gating open and closed transitions
with currents of larger amplitudes. A small part of the trace
recorded at þ60 mV is zoomed out to show the single-channel
behavior of the KcsA. The presence of two clearly deﬁned open
and closed transition states typical of a single-channel behavior
could be observed from the zoomed trace (Fig. 5B). When the
potential was switched back to 60 mV, the activity was again
reduced. This type of asymmetric current activity at the same
voltage with opposite polarities is quite typical for active KcsA
channel (Heginbotham et al., 1999, Zakharian and Reusch, 2004,
Cordero-Morales et al., 2006b). Gaussian ﬁts were used to analyze
the open probability Po which is around 0.54 with a mean open
time and closed time of 4.5 ms and 6.75 ms. Although detailed
analysis needed to be done, this measurement also indicates the
one sided orientation of the KcsA in the bilayer with cytoplasmic
side facing the pH 4.0 (Cordero-Morales et al., 2006a).
In another set of experiments, KcsA activity along with barium
(Ba2þ) dependent blocking of the ion channel activity was
Fig. 5. Functional assessment of KcsA expressed in insect cell microsomes. (A) Continuous current measurements of KcsA at transmembrane voltages 60 mV (light gray)
and þ60 mV (dark gray). Measurement started with 60 mV and then switched to þ60 mV and after 4 s once again switched back to 60 mV. (B) Representative single-
channel trace zoomed out from the KcsA activity measurement at þ60 mV. Red arrow shown in the zoomed image represents the baseline. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 6. Continuous current measurements from the bilayer in the presence of KcsA harboring microsomes (time scale drawn from 40 s to 150 s). Currents were recorded at a
transmembrane potential of þ60 mV. Once 5 mM of Ba2þ was injected (shown as blue arrow), the current shifts immediately and the pore was blocked (arrow representing
baseline). All-points amplitude histograms of the above trace at þ60 mV ﬁtted by Gaussian function show multiple conductance levels. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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measured by monitoring the current measurements continuously.
Fig. 6 shows the single-channel recording of KcsA gating for
around 100 s. The currents produced from the pH activated
channel had uniform single-channel amplitude of around 2 pA
and at around 50 s, multiple conductance levels with currents of
2 pA per each level were observed until 85 s. At around 85 s, 5 mM
Ba2þ was added and as a result the currents were completely
decreased to the baseline indicating the blocking of KcsA activity.
After a brief period, single-channel activity was observed again
with uniform amplitude. All point histograms displayed clearly
deﬁned multiple peaks with different counts distribution. There
was a peak at around 0 pA indicating the closed probability of the
ion channel. A strong peak at around 2 pA indicates the open
probability and single-channel activity of the protein. Further
distribution of peaks at higher amplitudes with uniform increase
of around 2 pA corresponds to the presence of multiple conduc-
tance levels. From the above observations, it is clear that the
single-channel activity of the protein can be controlled by the
presence of a blocker. Gaussian ﬁts were used to determine
the single-channel nominal open probability (NPo) of the KcsA.
The Po of the KcsA before the addition of Ba2þ was around 0.54
and once the blocker was added the Po was around 0.34. Although
KcsA activity was reduced in the presence of Ba2þ , the burst
amplitude and conductance remained same. These ﬁndings are in
agreement with the Ba2þ blocking KcsA measurements reported
previously where the concentrations of the blocker ranged from
1 mM to 100 mM (Holden et al., 2006; Zakharian and Reusch,
2004; Piasta et al., 2011). The effect of Ba2þ on KcsA is also similar
to the reports published in the literature where blocking was
reported in the presence of 1–10 mM tetrabutylammonium (TBA)
(Iwamoto et al., 2006, Zhou et al., 2001), 50 mM tetraethylamma-
nium (TEA) (Friddin et al., 2013) and 200 mM cesium (Csþ)
(Zakharian and Reusch, 2004).
3.3. Functional analysis of ﬂuorescently labeled KcsA
The cell-free synthesized potassium channel KcsA was ﬂuores-
cently labeled by random cotranslational incorporation of BODIPY-
TMR lysine. Functional analysis of the expressed protein was
veriﬁed to check whether the modiﬁed protein retains its native
gating activity. Similar conditions which were used for analyzing
the functional activity of non-labeled KcsA were applied to this
random labeled KcsA.
In another set of experiments, voltage ramps (100
toþ100 mV with a holding potential of 0 mV) were applied and
the currents were recorded from the bilayer after the fusion of
microsomes harboring KcsA randomly labeled with BODIPY-TMR.
Fig. 7 shows the current recordings of the voltage ramp measure-
ments. Single-channel activity was observed at both polarities
with an outward rectiﬁcation. A small part of the current trace was
zoomed out showing the typical KcsA channel activity. This
situation was completely absent in the case of control experi-
ments, indicating that KcsA was functional and presented a typical
potassium speciﬁc gating behavior.
Fig. 7. Current measurements from the bilayer in the presence of microsomes harboring KcsA randomly labeled with BODIPY-TMR. Current measurements were recorded to
a voltage ramp from 100 mV to þ100 mV (under dark gray) with a holding potential of 0 mV. In the presence of KCl, the currents were larger and shifted from the baseline
(0 mV) (under light gray). Representative single-channel trace zoomed out from the KcsA activity measurement.
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Fig. 8 shows the current measurements from the bilayers fused
with insect microsomes harboring BODIPY-TMR labeled KcsA.
There was comparatively a higher activity at þ60 mV when
compared to the 60 mV. When the current measurements were
performed continously at þ60 mV, there was an activation current
corresponding to the opening of a single KcsA channel with
intermediate ﬂickerings. Occasionally, the current switched to a
second level which corresponds to the activation of more than a
single-channel. After a brief opening of the channel, the current
switched to a resting level which correspond to inactivation of the
KcsA. These observations clearly demonstrate that despite labeling
the KcsA with a BODIPY-TMR, the protein retains its native
electrophysiological activity.
4. Conclusions
The potassium channel model protein KcsA was heterologously
expressed in a eukaryotic cell-free expression system. Microsomes
from the insect lysates harboring the protein of interest were
separated from the translation mixture by simple centrifugation
and were directly used for functional assessment. The assay
explained here dramatically speeds up the downstream applica-
tion of the proteins expressed in microsomes. The whole process
starting from the protein expression directly from a PCR product to
its functional monitoring could be done within 2 h. The micro-
somes added here should incorporate the expressed protein in
their membrane and no additional puriﬁcation or addition of
membrane supplements is necessary unlike in widely used pro-
karyotic cell-free systems (Schwarz et al., 2008). Additionally, no
further time consuming cloning steps are required as the protein
can be expressed directly from the linear PCR templates. The entire
cell-free procedure is devoid of the generation of genetically
modiﬁed organisms. Furthermore, functional expression of KcsA
labeled with BODIPY-TMR was also demonstrated. This labeling
procedure has unique advantage especially when expressing
proteins forming oligomers (eg., KcsA). First this random labeling
procedure helps in characterizing proteins in a non-radioactive
way avoiding the usage of 14C-Leucine in the cell-free reaction
mixture and further avoiding the phosphoimager incubation.
Second the labeling is fast and easy to perform in cell-free reaction
without any additional steps. Third and most important advantage
is the labeling procedure enables in-gel analysis to determine
Tetramers (KcsA in this work) which helps in characterizing
proteins quickly and conﬁdently. We anticipate that the presented
cell-free system will enable the expression of more complex
membrane proteins and their subsequent in-depth functional
characterization by a combination of biophysical and molecular
biological methods based on translationally active cell-lysates
derived from cultured insect cells (Kubick et al., 2009).
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